Abstract: This paper demonstrates the optical nonlinearity in optomechanical ring resonators that consist of a bus waveguide and two ring resonators, which is induced by the optical gradient force and characterized by the Kerr-like coefficient. Each ring resonator has a free-hanging arc that is perpendicularly deformable by an optical gradient force and subsequently this deformation changes the effective refractive index (ERI) of the ring resonator. The change of the ERI induces optical nonlinearity into the system, which is described by an equivalent Kerr coefficient (Kerr-like coefficient). Based on the experimental results, the Kerr-like coefficient of the ring resonator system falls in the range from 7.64 × 10 −12 to 2.01 × 10 −10 m 2 W −1 , which is at least 6-order higher than the silicon's Kerr coefficient. The dramatically improved optical nonlinearity in the opto-mechanical ring resonators promises potential applications in low power optical signal processing, modulation and bio-sensing. 
Introduction
Optical nonlinearity is a material property, which is defined as the nonlinear response of the polarization P to the electric field E of light when light is propagating in the material. It is used for high speed optical signal processing [1, 2] , broadband electro-optic modulation [3] , mass detection [4] and Raman lasing [5] . Due to the optical nonlinearity of materials, a variation of the refractive index is induced, which is proportional to the local intensity of light and can be expressed as 0 2 , n n n I = + where 0 n is the refractive index, and 2 n is a constant. This phenomenon is well known as the optical Kerr effect and 2 n is defined as the Kerr coefficient. The optical Kerr effect is one of the important nonlinear optical properties of silicon, which attracts much attention due to the well-developed semiconductor technologies. However, the silicon's Kerr coefficient is only in the range from 2.8 × 10 −18 to 14.5 × 10 −18 m 2 W −1 [6] , which does not have the superior nonlinear characteristics for many potential applications. It is desirable to improve the optical Kerr effect of the silicon material, for example, to decrease the threshold power for lasing or increase the high sensitivity for sensing. There are few methods used to achieve high optical nonlinearity in the silicon material. For example, ion doping is used to change the optical nonlinearity of the silicon [7] , but it induces a large free-carrier absorption, which decreases the capability of light intensity enhancement in the silicon-based devices. Therefore, methods to improve the optical nonlinearity effect without inducing a large absorption loss are desired. Optical ring resonator is an efficient method to enhance the optical nonlinearity of the silicon through the thermaloptic effect or the free-carrier absorption effect [8] [9] [10] . However, the intrinsic optical nonlinearity of silicon is not improved. In the contrary, an extremely strong optical nonlinearity is generated due to the opto-mechanical effect in nanoscale mechanical structures, such as two coupled silicon waveguides [11] or waveguide substrates [12] . On the other hand, the optical ring resonator enlarges the opto-mechanical effect via the increase in light intensity, which is widely applied in mesoscale back action [13] , sideband cooling [14] , thermal nonlinearity [15] [16] [17] and photonic structure controlling [18] .
In this paper, an opto-mechanical ring resonator system is proposed to produce an ultrahigh optical nonlinearity via the opto-mechanical effect. The mechanical deflection of the free-hanging arc of the ring resonator caused by the optical gradient force changes the effective refractive index (ERI) [19] [20] [21] , which induces a mechanical optical nonlinearity into the system and a Kerr-like coefficient is derived to describe this phenomenon. The theoretical analysis, the numerical simulations and the experimental results are presented and discussed. 
Theoretical analysis
A ring resonator system is designed to enhance the optical nonlinearity induced by the optical gradient force as shown in Fig. 1(a) . It consists of a bus waveguide and two ring resonators, which has a free-hanging arc with radius R in each ring resonator. The propagating light in the bus waveguide is coupled into the two ring resonators and the free-hanging arc is perpendicularly deformable by the optical gradient force. The free-hanging arc has a length of
and D i is the height of the arc in ring i (i = 1, 2) as shown in Fig. 1(b 
where j is the imaginary unit, r i and t i are the transmission coefficient and the tunnelling constant, respectively [23] , and 
Based on the above analysis, the two rings can be treated individually and acted as a reference for each other, which assists in the study and analysis of peak shift. However, to simplify the expression, the discussion of Kerr-like coefficient is limited to one ring. When the field attenuation factor is approximated to one ( 0 1 a ≈ ), the circulating light intensity I c in the ring resonator can be expressed as 
However, it is hard to detect the circulating light intensity in the ring resonator (I c ). Furthermore, the study of the nonlinearity of the free-hanging arc without the ring's effect is not necessary. Therefore, 2 n is redefined as the Kerr-like coefficient of the ring resonator, which can be expressed as 2 , eff a n n I
where a I is the effective input intensity for the ring resonator. a I is equal to the absorbed intensity by the ring resonator and can be expressed as
where the transmission ( ) ( ) ( ) In considering the deformation of the free-hanging arcs, the uniform load (F m ) can be expressed as / ,
where g ∆ is the deflection and eff K is the effective stiffness, which depends on radius of ring, height of the free-hanging arc and the Young's modulus of the material [24] . Based on the effective index method, the optical gradient force (F o ) can be expressed as [19] 1 , In the numerical simulations, the parameters of the ring/waveguide used are as follow: the width b = 450 nm, the height h = 220 nm, the ring radius R = 30 µm, the ring-waveguide gap G = 200 nm, the refractive index of ring/waveguide n s = 3.5 and the initial ring-substrate gap g o = 200 nm. The gradient optical force is calculated based on Eqs. (1)- (4) and Eq. (8) . First, based on the finite element method (FEM), the ERI ( eff n ) in the gap-wavelength (g-λ)
domain is shown in Fig. 2(a) , thus the values of eff n g ∂ ∂ and eff n λ ∂ ∂ are determined.
Second, according to Eq. (2), a i is approximately 0.99, r i and t i are subsequently simulated by the finite-difference time domain method. Therefore, when the input power g P is fixed at 1 mW, the normalized optical force o F is obtained as shown in Fig. 2(b) . It can be seen that the maximal values of the optical force is corresponding to the resonant wavelengths (i.e. λ 11 = 1545.3 nm and λ 21 = 1548.2 nm at g = 180 nm). When the gap g is decreased, the maximal value of the optical force is increased and the corresponding resonant wavelengths are red shifted. but also affected by the wavelength of the input light as shown in Fig. 2(b) . When the wavelength increases from 1548.29 nm to 1548.34 nm at a step of 0.01 nm, the respective curves of optical force versus deflection are shown in Fig. 3 . The cross points between the curves of optical force and the line of mechanical force indicate the net force (F n = F o -F m ) acting upon the free-hanging arc is zero since the two forces have opposite directions. When the potential energy of the free-hanging arc is at local minimum, these cross points correspond to the mechanical equilibrium states. The work done by the net force (
) is equal to the change of the potential energy. When the work is positive (same as the direction of optical force), the potential energy is decreased. In the contrary, the potential energy is increased. The wavelength is tuned slowly such that the free hanging arc is assumed to have sufficient time to move from one equilibrium position to the other. When the wavelength increases from 1548.29 nm to 1548.32 nm, the optical force is larger than the mechanical force ( ( is also positive. The cross points corresponding to mechanical equilibrium states are highlighted by the circles in Fig. 3 . When the input wavelength is larger than 1548.32 nm, the optical force is smaller than the mechanical force (F o < F m ), thus the free-hanging arc returns to the original position (i.e. g ∆ = 0). Similarly, when the input wavelength decreases from 1548.34 nm to 1548.32 nm, the free-hanging arc cannot be deflected. When the wavelength is decreased from 1548.32 nm to 1548.31 nm, the free-hanging arc cannot be largely bent from the original position because the bending process requests negative work
, g ∆ > 27.5 nm). Deflection is only observed when the input wavelength is decreased to 1548.30 nm in which the optical force is always larger than the mechanical force (F o > F m ) in the deflection interval from 0 nm to 17.5 nm (as indicated by the red circle) when the mechanical oscillation is ignored. These phenomena are experimentally observed and discussed in the next section. 
Experimental results and discussions
The opto-mechanical ring resonator system, as shown in Fig. 4(a) , is fabricated on the siliconon-insulator wafer by using the nano-fabrication processes. The waveguide-ring gap is 200 nm, the thickness of the silicon structure layer and the buried oxide layer are 220 nm and 2 µm, respectively. Except for the free-hanging arcs, the remaining parts of the system are deposited with a 2-µm thick SiO 2 cladding layer. The free-hanging arcs are released by the selective etching process and the gap g between the free-hanging arc and the substrate is controlled to be approximately 200 nm. The experimental setup is shown in Fig. 4(b) . In the experiments, a pair of tapered fiber is used to couple the input light into the nano-waveguide and detect the output light, respectively. The probe light is a broadband light source with a central wavelength of 1550 nm and a bandwidth of 70 nm. With the probe light, each ring has two absorption modes within the spectrum range, i.e. ring resonator 1 with λ 11 = 1545.4 nm and λ 21 = 1548.2 nm while ring resonator 2 with λ 12 = 1545.6 nm and λ 22 = 1548.4 nm as shown in Fig. 5 . By combining with the numerical results of eff n , r i , and t i , the simulated transmission spectrum and the experimental results are well matched with each other via the optimization of the attenuation factor a i and the height of the free-hanging arcs D i . Subsequently, a control light with an output power of 160 µW and a tunable wavelength ranging from 1500 nm to 1600 nm with a tuning step of 0.01 nm are coupled into the system. When the control light is adjusted to different wavelengths, the transmission spectrum of the ring resonator is affected as shown in Fig. 6 . It can be seen that the absorption peaks are not shifted as compared to those peaks in the transmission without the control light when the control wavelength is 1547.97 nm. When the control wavelength increases from 1548.22 nm to 1548.26 nm, the resonant peak power is associated with the control wavelength as shown in Fig. 7(a) . It is observed that the effective input power is increased from 0 µW to 51.9 µW when the control wavelength increases from 1548.18 nm to 1548.76 nm. Thereafter, the free-hanging arc cannot be kept at the position with the maximum deflection and returns to the initial position by the mechanical force. On the contrary, when the control wavelength decreases from 1548.76 nm to 1548.45 nm, the effective input power is zero in the beginning position, and jumps to 0.98 µW at the wavelength of 1548.5 nm. Thereafter, the effective input power is gradually decreased to zero. It is shown that one control wavelength corresponds to two possible effective input powers in this particular range, which means an opto-mechanical bistability is induced in this system. Based on Eq. (9) and the experimental results, the Kerr-like coefficient is calculated. First, the mode area A is calculated based on the optical mode in the nano-waveguide by using the numerical method. Then, Fig. 7(a) , and the resonant mode order m is determined from the simulation results (i. e., m = 309). Therefore, the Kerr-like coefficient 2 n for ring 1 is depending on the effective input power as shown in Fig. 7(b) . It can be seen that when the effective input power decreases from 51.9 µW to 0.998 µW, the Kerr-like coefficient is increased from 7.64 × 10 −12 to 2.01 × 10 −10 m 2 W −1 . In other words, the optical force-induced Kerr-like coefficient in the opto-mechanical ring resonator system is at least 6-order higher than the Kerr coefficient in the silicon material (2.8 × 10 −18 to 14.5 × 10 −18 m 2 W −1 ). When the effective input power is lower than 0.998 µW, the calculated Kerr-like coefficient is further increased. However, the calculation value becomes unreliable because a larger fluctuation is observed at lower effective input power due to the noises in the experiments. In order to verify the Kerr effect is induced by the optical force but not the thermal optic effect, devices with different gaps between the free hanging arc and the substrate are experimented. The gap is controlled by the etching time in fabrication process, which is ranging from 15 to 30 minutes (etching rate: 10 nm/min). The free-hanging arc in each device is completely released and can be deformed by the optical force, in which the Kerr effect is observed in all cases. On the contrary, when the etching time is shorter than 15 minutes, the free-hanging arc is not fully released from the SiO 2 substrate and the maximum observed peak shift is less than 0.1 nm. When the etching time is longer than 30 minutes, the gap between the free-hanging arc and the substrate is larger than 300 nm. The maximum observed peak shift is also less than 0.1 nm because the weak optical force is insufficient to deform the free-hanging arc. Based on these observations, it is verified that the Kerr effect is indeed induced by the optical force. This can also be verified by the measurement of the time-domain response [21, 26] .
Conclusions
In summary, the theoretical analysis, the numerical simulation and the experimental results of the optical nonlinearity induced by the optical gradient force in the opto-mechanical ring resonator system are presented and discussed. The Kerr-like coefficient is determined, which is in the range from 7.64 × 10 −12 to 2.01 × 10 −10 m 2 W −1 , and it is at least 6-order higher than the silicon's Kerr coefficient. The dramatically improved optical nonlinearity in the optomechanical ring resonator promises potential applications in low power optical signal processing, modulation and bio-sensing.
